Oxide dispersion strengthened (ODS) steels, which are candidate materials for water-cooled solid breeder blankets, were fabricated with several manufacturing parameters, and then irradiated in the experimental fast reactor JOYO to evaluate their irradiation behavior.
Introduction
Oxide dispersion strengthened (ODS) steels are highly regarded as candidate structural materials for the demonstration fusion (DEMO) reactor which will be built next to the International Thermonuclear Experimental Reactor (ITER) because of their excellent high temperature characteristics and long-term dimensional stability which have been demonstrated on a laboratory scale under fusion reactor simulated conditions. 1, 2) To verify their applicability to DEMO reactor components, it is important to assess their irradiation behavior under fusion reactor conditions, i.e., intense high-energy neutron irradiation, on an engineering scale.
A neutron source with as intense an energy as 14 MeV does not exist. Accordingly, irradiation behavior of candidate materials, which is one of the significant fusion materials/ structures issues, has always been evaluated by employing accelerators and fission reactors. 2) This paper describes the material response of ODS steels, which were fabricated using several manufacturing parameters, after being irradiated in the experimental fast reactor JOYO. The results give an understanding of the neutronirradiation effects on ODS steels. Based on this understanding, a feasibility study on ODS steels as the DEMO reactor components will be able to continue in the International Fusion Materials Irradiation Facility (IFMIF), which is parts of an ongoing international plan made by Japan, the European Union, the United States and the Russian Federation.
Experimental

Materials
Four ODS ferritic steels (1DS, 1DK, F94 and F95) and one ODS martensitic steel (M93) were prepared by mechanical alloying (MA) of master, argon gas-atomized ferritic powder and yttrium oxide powder (Y 2 O 3 ; average diameter, 20 nm) using a high energy attrition ball mill. The MA was carried out in an argon gas atmosphere for 1DS, 1DK, M93 and F95 and in a helium one for F94. These powders were degassed in vacuum, sealed in mild-steel cans, and consolidated by hot extrusion at 1423 K. From these consolidated bars, tubes were manufactured by a six-pass warm rolling at 923-973 K for 1DS and 1DK, and a two-pass spiral cold rolling for M93, F94 and F95 with intermediate and final heat treatments. 3, 4) The chemical compositions and heat treatment conditions of the ODS ferritic and martensitic steels are shown in Table 1 .
Irradiation and experimental conditions
All the fast neutron irradiations were performed at a temperature between 667 and 834 K to a fluence of 0.5 to 4:2 Â 10 26 n/m 2 (E > 0:1 MeV), which is equivalent to 2.5 to 21.0 dpa, respectively, in JOYO.
Microstructural characterization and chemical analyses of the unirradiated and irradiated samples were done with a transmission electron microscope (TEM) and energy dispersive spectrum (EDS) device. To simulate thermal and mechanical stresses under internal pressure condition, a tensile test in the hoop direction of the ODS tubes was carried out in the air at a crosshead speed of 1:67 Â 10 À3 mm/s (initial strain rate, 8:3 Â 10 À4 s À1 ) and corresponding irradiation temperature. Details of the irradiation and the experimental conditions are shown in Table 2 . quite different between 1DS (18 dpa) and the others (2.5 dpa). At 673 K, 1DS which had high yield strength and very low elongation at the as-manufactured condition showed little change in the stress strain curves at the dose of 18.0 dpa. This steel intrinsically possessed a strong texture attributable to its working history ( Fig. 2(a) ), but it retained an anisotropic structure even after irradiation ( Fig. 2(e) ). M93, F94 and F95 were developed to modify the strong texture as seen in 1DS, and consequently they had a better elongation property at an acceptable engineering level. These three steels showed slight but significant irradiation effects on the tensile properties at a lower dose than 1DS. For the three, when irradiated at 673 K to 2.5 dpa, an increase in the yield stress (YS), ultimate tensile strength (UTS) and also the total elongation (TE) were recognized. Corresponding microstructures are shown in Figs. 2(b-d, f-h), but no obvious microstructural evolution was observed.
Generally, irradiation effects below 673 to 773 K (relatively low temperature) on tensile behavior emerge as irradiation hardening, leading to an increase in the YS and UTS and a decrease in the TE. For all the ODS steels except 1DS, however, the aforementioned change in tensile properties was confirmed after irradiation at 673 K; this indicates a possibility of desirable behavior for fusion. 
Temperature dependence on tensile properties
It is well known that the irradiation temperature effects on tensile properties of conventional ferritic and martensitic (F/ M) steel varies discontinuously at a given temperature, and it appears as sigma embrittlement. 1) Irradiation temperature dependence on YS, uniform elongation (UE) and the TE among the four ODS steels is shown as compared with Figs. 3 and 4. 6) The magnitude of YS changed in the order F94 < F95 < M93 < 1DS over the test temperature range before and after irradiation. It should be noted here that the absolute magnitude was markedly superior to other F/M steels. The temperature dependence on UE and TE differed for individual steels. The UE of M93 was lower than UE of F94 and F95, both of which had the same trend. 1DS with the highest YS had a particularly low UE (less than 1%). Except for 1DS, TE exhibited the complicated irradiation temperature dependence as illustrated in Fig. 4(b) . Namely, the followings were seen: i) M93, the TEs at T ! 770 K decreased significantly due to irradiation, whereas those at T 723 K were retained even after irradiation; ii) F94, due to irradiation, the TEs at T 723 K increased, but those at T ! 770 K decreased; and iii) F95, although the TEs at T ! 770 K decreased slightly, no significant losses of the TEs attributable to irradiation occurred at any test temperature.
Microstructural evolution
Although small numbers of dislocation loops and inert gas bubbles, which were introduced during the MA process, were recognized locally in F94 and F95 irradiated at 673 K, no significant void formation was observed in any of the irradiated ODS steels. It was considered that their initial sink density for irradiation defects such as dislocations, grain boundaries (GBs) and oxide dispersoid interfaces was very high.
Precipitates identified by means of electron diffraction patterns and EDS analyses were M 23 C 6 and MC carbides for M93, M 6 C and M 23 C 6 for F94 and F95, MC and tungsten (W)-based Laves phase for 1DS. Volume fraction and sort of precipitates depended on irradiation temperature as well as initial content of additive element, and the results were summarized as follows. i) For an initial content of W, which is a low radioactive solution-hardening element, over 2.5 mass%, W-based Laves phase formed at GBs around 815 K. 7) ii) For an initial matrix of the ferritic phase, carbon (C) content beyond its solubility limit precipitated as carbides such as M 6 C and MC. Then, microstructural evolution including alpha prime, chromium-rich phase formation, during irradiation little occurred. iii) For a martensitic phase containing a large amount of C, a large volume of M 23 C 6 and sometimes MC formed during the phase transformation process. Due to irradiation, new nucleation and/or coalescence of carbide precipitates occurred, accompanied by partial recovery of martensitic phases. This phenomenon was accelerated at higher temperature irradiation.
Oxide dispersoid stability
Oxide dispersoid stability during neutron irradiation, which is considered to be an independent character of the steel, is an important factor sustaining high temperature strength during irradiation since thermally stable oxide in ODS steels significantly extends the performance limit of existing F/M steels. 7, 8) Figures 5(a) and (b) show the temperature (or dose) dependence on two parameters, mean size and number density, of oxide dispersoid in neutron-irradiated 1DS and 1DK at almost the same dose, 17.0 and 18.0 dpa (or temperature, 815 and 834 K). Here, 1DS and 1DK contained larger amounts of Ti and Y 2 O 3 , both of which were constituent of complex dispersoid, 9, 10) among the steels. In Fig. 5(a) , although the oxide dispersoid mean sizes and number densities decreased due to irradiation itself, both parameters remained nearly equal even with increasing temperature. On the other hand, in Fig. 5(b) , the mean sizes became slightly larger, whereas both the number densities Mean size,
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Number density after irrad. These results implied that recoil resolution of fine oxide dispersoid took place due to neutron irradiation and that oxide dispersoid stability was more sensitive to dose than temperature.
7)
Conclusion
An irradiation experiment employing JOYO provided valuable irradiation data on the material response of ODS steels fabricated using several manufacturing parameters. The following findings on irradiation effects of ODS steels were obtained.
(i) Grain morphology modifications of ODS steels significantly improved their tensile properties before and after irradiation. (ii) The tensile properties after irradiation, in particular at high temperature, were closely related to the phase stability including the oxide dispersoid. (iii) In the case of low temperature irradiation, it was unprecedented finding that the tensile property of ODS steels except 1DS was improved.
